INTRODUCTION
Polarized epithelial cells are characterized by two distinct plasmamembrane domains differing in composition and function [1] [2] [3] . A typical feature of the apical membrane is the high proportion of glycosphingolipids in its outer leaflet. It is thought that these lipids protect the membrane against the harsh conditions of the external environment with which the apical domain is in contact. In addition, this domain harbours unique proteins with specific functions characteristic of the respective cell type. In contrast, the basolateral domain exhibits mostly constitutive functions such as nutrient uptake from the circulation, cell-matrix attachment and growth control. Therefore, this plasma-membrane domain contains proteins that are found in many epithelial and non-epithelial cells. The lateral membrane contains epitheliumspecific proteins that are responsible for intercellular contacts and junctions. Most important for the maintenance of cell polarity are the tight junctions because they prevent the intermixing of apical and basolateral components.
Madin-Darby canine kidney (MDCK) cells present one of the best-studied model systems for the understanding of cell polarity and protein transport. The cell line was isolated from dog kidney by Madin and Darby in 1958 and is thought to originate from the distal tubule or the collecting duct of the nephron [4] [5] [6] . Two sublines of MDCK cells have been described [5, 7, 8] : MDCK I cells are derived from an early passage of the cell population and MDCK II cells predominate in later passages [5, 8] . The two sublines are distinct and stable in culture. They can be distinguished by morphological characteristics [5, 9] , but the most striking difference between the two strains is their transepithelial electrical resistance. MDCK I cells resemble tight epithelia by developing a very high electrical resistance whereas much lower values are measured across MDCK II cell monolayers [8] . Other Abbreviations used : MDCK cells, Madin-Darby canine kidney cells ; OG, n-octyl glucoside ; WGA, wheat germ agglutinin ; DABCO, 1,4-bicyclo[2;2;2]octane ; ECL, enhanced chemiluminescence ; RT, reverse transcriptase ; TBS, Tris-buffered saline (50 mM Tris/HCl/150 mM NaCl, pH 7n4) ; GPI, glycosylphosphatidylinositol ; PMA, phorbol 12-myristate 13-acetate. 1 To whom correspondence should be addressed.
a cell-surface antigen expressed by various epithelial and nonepithelial cells in rat and mouse. Potential O-glycosylation sites, transmembrane and cytoplasmic domains were found to be highly conserved in the three species. gp40 was detected in canine lung, intestine, kidney, brain and heart but not in liver and spleen. The subline II of Madin-Darby canine kidney cells was found not to express gp40. Stable expression of gp40 in transfected type-II cells revealed that gp40 is predominantly delivered to the apical plasma membrane. N-Glycans and a glycosylphosphatidylinositol anchor, both proposed apical targeting signals, are absent from gp40, indicating that other determinants are responsible for its polarized transport.
differences between the two MDCK sublines have been described. For example, MDCK I cells display an adenylate cyclase sensitivity to adrenaline, vasopressin, and prostaglandin E1, which is not found in MDCK II cells. On the other hand, alkaline phosphatase, γ-glutamyltransferase and Na + \K + -ATPase activities have been detected only in MDCK II cells [8] . The glycosphingolipid composition of the two sublines has been shown to differ as well [10] . The Forssman antigen has only been detected in MDCK II cells, indicating that different sets of glycosyltransferases are expressed in MDCK I and II cells. We have reported that MDCK I but not MDCK II cells are susceptible to infection by influenza C virus [11, 12] . The resistance of MDCK II cells to infection was shown to be due to the lack of 9-O-acetylated sialic acid, the receptor determinant for influenza C virus. The protein composition of the apical and basolateral plasma membranes of polarized MDCK cells has hardly been characterized at all. A few antibodies directed to cellsurface antigens have been described [13] [14] [15] , but none of these proteins has so far been cloned. Most studies on protein trafficking in MDCK cells have been carried out using a restricted set of heterologous proteins including influenza A virus haemagglutinin and vesicular stomatitis virus G-protein [16] . We recently identified a 40 kDa sialoglycoprotein that is the major cell-surface protein of MDCK I cells recognized by influenza C virus via 9-O-acetylated sialic acids [17] . This protein, designated gp40, was characterized as an O-glycosylated (mucintype) integral membrane protein, which predominantly resides in the apical plasma membrane of filter-grown cells. gp40 was shown to be subjected to constitutive endocytosis with internalization kinetics comparable with those of influenza C virus. To date, endocytic receptors of the apical plasma membrane have not been described and the signals responsible for their concentration in coated pits are not known. Furthermore information on apical sorting signals is scarce. Although proteins attached to the membrane via a glycosylphosphatidylinositol (GPI) anchor are delivered to the apical surface [16, 18, 19] , this does not explain the targeting of transmembrane proteins. NGlycosylation has been shown to be a potential apical transport signal for secretory proteins [20, 21] . However, the role of Nglycosylation in apical transport of membrane proteins has not been elucidated and the situation of proteins that are predominantly or even exclusively O-glycosylated remains unclear. gp40 has several interesting properties that make it a promising subject for the analysis of apical transport and endocytosis. In the present study, we report its purification, molecular cloning and tissue distribution. We show that gp40 is a type-I membrane protein which is heavily O-glycosylated but lacks N-glycans. We found it to be the canine homologue of a protein previously described as an antigen in a variety of murine and rat cell systems of epithelial and non-epithelial origin. MDCK II cells are shown not to express endogenous gp40, providing the possibility of analysing gp40 transport in this closely related polarized cell line. We demonstrate that MDCK II cells transformed to stably express gp40 deliver this glycoprotein to the apical plasma membrane.
MATERIALS AND METHODS

Materials
The following reagents were from Boehringer-Mannheim GmbH (Mannheim, Germany) : n-octyl glucoside (OG), hygromycin B, Complete4 protease inhibitor cocktail, positively charged nylon membrane. The following reagents were purchased from Sigma (Deisenhofen, Germany) : concanavalin A-agarose, wheat germ agglutinin (WGA)-agarose, Jacalin agarose, sialidase from Clostridium perfringens, methyl α--galactopyranoside, N-acetyl--glucosamine, methyl α--mannopyranoside, Protein A-Sepharose, PMA, 1,4-diazobicyclo[2;2;2]octane (DABCO), n-lauroylsarcosine. The following reagents were from Amersham Buchler GmbH (Braunschweig, Germany) : enhanced chemiluminescence (ECL) detection reagent, streptavidin-horseradish peroxidase, biotinylated anti-rabbit immunoglobulin from donkey, FITClinked anti-rabbit immunoglobulin from donkey, prestained protein molecular-mass markers. Sulphosuccinimido-biotin was obtained from Pierce Chemical Co., and Mowiol 40-88 was from Aldrich Chemie (Steinheim, Germany). Taq DNA polymerase (5 units\µl) and murine leukaemia virus reverse transcriptase (RT ; 50 units\µl) were purchased from Perkin-Elmer.
Cell culture
MDCK I and MDCK II cells were provided by Dr. K. Simons (EMBL, Heidelberg, Germany) and were grown in Eagle's minimal essential medium (Gibco-BRL) supplemented with 10 % foetal calf serum (Gibco-BRL). Porcine kidney cells (LLC-PK1) and human malignant melanoma cells (SK-MEL-28) were obtained from ATCC and maintained in Dulbecco's minimal essential medium (Gibco-BRL) supplemented with 10 % foetal calf serum. For studies of cell polarity, 0n4 µm pore size polycarbonate filters (Costar, Cambridge, MA, U.S.A.) were used. MDCK II cells stably expressing gp40 (see below) were seeded 4 or 5 days before experiments (2i10' cells per 24 mm unit and 2i10& cells per 7n5 mm unit). The polarization of the monolayer was assessed by measuring the electrical resistance between the apical and basolateral compartments of the filter chamber using a Millicell-ERS instrument (Millipore). Only filter cultures with an electrical resistance of at least 130 Ω cm# were used for experiments.
Purification of gp40
About 10"! MDCK I cells were grown to confluence in 145 mm Petri dishes, washed twice with ice-cold PBS and scraped with a rubber ' policeman ' into 10 ml of ice-cold PBS. The cells were pelleted by centrifugation (600 g ; 10 min ; 4 mC), suspended in 50 ml of Tris-buffered saline (TBS : 50 mM Tris\HCl, 150 mM NaCl, pH 7n4), slowly added to 1 litre of 20 mM Tris\HCl, and incubated on ice for 20 min. The cells were disrupted by 30 strokes in a Dounce homogenizer and the nuclei were removed by low-speed centrifugation (270 g ; 10 min; 4 mC). Membranes were pelleted from the supernatant by ultracentrifugation (105 000 g ; 90 min ; 4 mC) and suspended in 250 ml of ice-cold TBS supplemented with Complete4 protease inhibitor cocktail by passing them three times through a 22-gauge needle. An equal volume of 1n5 % OG in TBS was added and solubilization of membrane proteins was allowed to proceed for 2 h at 4 mC. The membrane lysate was clarified by centrifugation (105 000 g ; 60 min ; 4 mC). The lysate was pumped at 10 ml\h over a column (10 mmi60 mm) packaged with 5 ml of concanavalin A-agarose. The column was washed with 100 ml of TBS containing 1 % OG at a flow rate of 25 ml\h, and glycoproteins bound to concanavalin A were eluted with 25 ml of TBS containing 1 % OG and 0n4 M methyl mannopyranoside at 0n1 ml\min. The flow-through was combined with the wash fraction and passed over a WGA-agarose column of similar size. The column was washed as above and glycoproteins bound by WGA were eluted with 25 ml of TBS containing 1 % OG and 100 mM GlcNAc. The eluate was dialysed against water, lyophilized and dissolved in 10 ml of Mes buffer (50 mM Mes, 100 mM NaCl, 20 mM CaCl # , pH 6n5) containing 0n5 % OG. Insoluble material was removed by centrifugation (105 000 g ; 60 min ; 4 mC), and the supernatant was treated with 2 units of Clostridium perfringens sialidase for 90 min at 37 mC in the presence of 1 mM PMSF, 1 µg\ml leupeptin and 1 µg\ml pepstatin. To this fraction was added 4 ml of a 50 % slurry of Jacalin agarose and the mixture was incubated overnight at 4 mC while rotating head over tail. The Jacalin agarose was collected in a column and washed with 100 ml of TBS containing 1 % OG. Glycoproteins bound to Jacalin were eluted with 25 ml of TBS containing 1 % OG and 0n4 M methyl galactopyranoside. The eluate was diluted to 70 ml with distilled water and subjected to ultrafiltration by centrifugation over membranes with a 10 kDa cut-off (Centripep-10, Microcon-10 ; Amicon, Beverly, MA, U.S.A.). The retentate (250 µl) was separated by SDS\PAGE (10 % gel ; 0n75 mm) under reducing conditions, and gp40 was excised after Coomassie Blue staining. Purification of gp40 was monitored by analysing each fraction by SDS\PAGE and silver staining [22, 23] and by an influenza C virus overlay assay [17] .
Amino acid sequence analysis
For internal amino acid sequence analysis the Coomassie-stained gp40 was excised from the SDS\polyacrylamide gel and cleaved in the gel with Endoproteinase LysC (Boehringer, Tutzing, Germany) as described by Eckerskorn and Lottspeich [24] ; the resulting peptides were eluted and separated by reversed-phase HPLC on a Superspher 60 RP select B column (125 mmi2 mm) (Merck, Darmstadt, Germany) using 0n1 % trifluoroacetic acid in water as solvent A and 0n1 % trifluoroacetic acid in acetonitrile as solvent B. A gradient was performed from 0 to 60 % solvent B in 60 min at a flow rate of 300 µl\min. Detection was at 206 nm and collection of the peptides was performed manually. The main peak in the chromatogram was further cleaved with Endoproteinase GluC (Boehringer), and the resulting peptides gp-40, a mucin-type apical surface protein from MDCK cells were separated under the same conditions as described above. Amino acid sequence analyses were performed on a model 471A pulsed liquid-phase sequencer (Applied Biosystems, Weiterstadt, Germany) according to the instructions of the manufacturer.
RT-PCR and molecular cloning of gp40
Based on the sequence information obtained by Edman degradation and taking into account the preferred codon usage in dogs [25] , two degenerate oligonucleotides were designed and used for amplification of a partial cDNA fragment by RT-PCR. The sense primer 5h-TGAGAATTCCCIGA(C\T)GA(C\T)AT-(C\T)AT(C\T)CCIGGIGT(T\G\C)GA-(A\G)GA-3h encodes the sequence PDDIIPGVED ( Figure 3 , residues 28-37) and the antisense primer 5h-TGAGAATTCTGIGA(T\C)TC(T\C)TC-(T\C)TTIGC(G\A)TGIAC-3h encodes the sequence VHAK-EEXQ (residues 97-105), where X was assumed to be a serine residue. Reverse transcription was performed at 42 mC for 15 min using the enzyme from murine leukaemia virus (2n5 units\µl), 5 µg of MDCK I total RNA as template, and the antisense oligonucleotide (2n5 µM) for priming. The reaction was stopped by heat denaturation at 99 mC for 5 min. The first-strand cDNA was supplemented with the sense primer (1 µM), and a 248 bp cDNA fragment was amplified by PCR (35 cycles : 94 mC for 1 min, 40 mC for 1 min, and 72 mC for 2 min). The PCR fragment was subjected to cycle sequencing using the DyeDeoxy Terminator AmpliTaqFS Kit (Perkin-Elmer) and either the sense or the antisense oligonucleotide (5 pmol) as sequencing primer. Gel electrophoresis and data analysis were performed on a 377 DNA sequencer (Perkin-Elmer). Using the 248 bp fragment as template, a hybridization probe was generated by incorporation of digoxigenin-dUTP by PCR (PCR DIG Probe Synthesis Kit ; Boehringer-Mannheim). Analysis of gp40 expression in MDCK II cells by RT-PCR was performed as described above. As a positive control, a 450 bp cDNA fragment of VIP36 [26] was amplified using the oligonucleotide 5h-TCCATGCCCCTCTG-GGACTTTCAAGG-CAGC-3h (nucleotides 241-270) as sense primer and the oligonucleotide 5h-AGAGTAGCGCACAGC-TAGGAAGGTATCATG-3h (nucleotides 661-690) as antisense primer (35 cycles : 94 mC for 1 min, 60 mC for 1 min, 72 mC for 2 min).
An oriented lambda MDCK I cDNA library was constructed in the UNI-ZAP XR vector (Stratagene, La Jolla, CA, U.S.A.) according to the instructions of the manufacturer. For firststrand cDNA synthesis, 5 µg of polyadenylated RNA was used. The RNA was prepared from MDCK I cells that had been treated overnight with 0n1 µg\ml PMA to stimulate gp40 transcription. The primary cDNA library contained about 600 000 recombinants with an average insert size of 1n2 kb. The library was amplified once to have a titre of 1n8i10* plaque-forming units\ml. A total of 75 000 phage plaques were analysed. The phage were transferred to positively charged nylon membranes, subjected to alkaline denaturation, neutralization and UV crosslinking of the DNA to the membranes. The filters were prehybridized for 2 h at 68 mC in solution containing 5iSSC (where 1iSSC is 0n15 M NaCl\0n015 M sodium citrate), 0n1 % (w\v) N-lauroylsarcosine, 0n02 % (w\v) SDS and 1 % (w\v) blocking reagent (Boehringer-Mannhein). Hybridization was carried out overnight at 68 mC in the same solution containing 20 ng\ml digoxigenin-labelled probe (denatured at 100 mC for 8 min). The filters were washed twice for 15 min at room temperature with 50 ml of 2iSSC\0n1 % SDS and twice for 15 min at 40 mC with 50 ml of 0n5iSSC\0n1 % SDS per 100 cm# filter. An enzyme immunoassay was used for luminescent detection of the hybridized probe (DIG Luminescent Detection Kit ; Boehringer-Mannheim). Of 20 positive plaques, ten were further analysed. The phage were plated at low density (100 plaque-forming units\84 mm dish) and rehybridized as above. Four clones that reacted again with the probe were isolated, amplified and subjected to in i o excision according to the instructions of the manufacturer (Stratagene). The clones were analysed by restriction digestion and cycle sequencing.
Preparation of antibodies
A multiple antigenic peptide was synthesized by anchoring the residues 26-40 of gp40 (VRPDDIIPGVEDSVV) on to an immunogenically inert core molecule of radially branching lysine dendrites [27, 28] . After synthesis, the whole multiple antigenic peptide macromolecule was cleaved off with trifluoroacetic acid, desalted and used for immunization of rabbits. The antigen was given at doses of 2 mg at 3-weekly intervals. After four injections, the rabbits were bled. For immunofluorescence analysis, the serum was affinity-purified on immobilized gp40 using a published method [29] .
Immunofluorescence analysis MDCK cells grown on glass coverslips were fixed with 4 % paraformaldehyde in PBS for 20 min at room temperature. Aldehyde groups were quenched with 0n1 M glycine in PBS for 5 min at room temperature and the cells were rinsed in PBS with three changes. For intracellular staining, the cells were permeabilized with 0n2 % saponin in PBS for 5 min at room temperature. For cell-surface staining, fixed cells were directly incubated with affinity-purified anti-gp40 serum in PBS containing 3 % BSA (PBS-B) for 60 min at 37 mC and washed with PBS. The primary antibody was detected using a FITC-labelled antibody from donkey directed to rabbit immunoglobulin (1 : 100 in PBS-B) for 30 min at 37 mC. The samples were washed and then mounted in Mowiol and 2n5 % DABCO. The coverslips were viewed and photographed with a Zeiss Axiophot microscope equipped with UV optics. For confocal immunofluorescence analysis, MDCK II cells were grown on 7n5 mm Transwell units. Fixing and staining were performed in principle as described above except that longer incubation times (120 min) were chosen to allow primary and secondary antibody to penetrate the filter. The confocal laser-scanning microscope (Carl Zeiss, Oberkochen, Germany) worked with the blue line (408 nm wavelength) of an argon laser.
Cell-surface labelling and immunoprecipitation
Cell-surface proteins were labelled with biotin as previously described [17] . Labelled cells were lysed in 1 ml of RIPA buffer (1 % Triton X-100, 1 % deoxycholate, 0n1 % SDS, 200 mM NaCl, 20 mM Tris\HCl, pH 7n5, 10 mM EDTA, 10 mM iodoacetamide, 1 mM PMSF, 50 units\ml aprotinin). After incubation on ice for 30 min, insoluble material was removed by centrifugation (105 000 g ; 30 min; 4 mC). The cell lysate received 100 µl of a 50% slurry of prewashed Protein A-Sepharose and 20 µl of anti-gp40 serum. In the control, 20 µl of preimmune serum was added. After agitation overnight at 4 mC, the Sepharose beads were washed four times with RIPA buffer. The precipitated gp40 was eluted by boiling the beads for 10 min in 2i concentrated reducing SDS sample buffer (100 mM Tris\HCl, pH 6n8, 4 % SDS, 10 % glycerol, 0n02 % Bromphenol Blue, 200 mM dithiothreitol). The immunoprecipitates were separated by SDS\PAGE (10 % gel) and transferred to nitrocellulose by the semi-dry blot technique [30] . Detection of biotinylated gp40 by streptavidin-horseradish peroxidase and a chemiluminescent peroxidase substrate (ECL detection reagent) was performed as previously described [17] .
Stable expression of gp40 in MDCK II cells
A cDNA fragment containing the complete open reading frame of gp40 was amplified by PCR (30 cycles : 94 mC for 40 s, 60 mC for 20 s, and 72 mC for 1 min) using Pfu polymerase. The sense primer used (5h-TGCAAGCTTCAGCGCCGAGACAACCG-CTGG) binds to nucleotides 145-165 and contains at the 5h end a HindIII site with three additional nucleotides. The antisense primer used (5h-TGACTCGAGGTCATCTTCTCCCACATG-CTTG) binds to nucleotides 768-788 and contains at the 5h end a XhoI site with three additional nucleotides. The PCR product was digested with XhoI and HindIII and ligated into the corresponding sites of the pCEP4 expression vector (Invitrogen, Leek, The Netherlands). The complete sequence of the insert was verified to exclude the possibility of amplification errors. MDCK II cells (1i10' cells) were transfected with 40 µg of recombinant plasmid using the calcium phosphate method [31] . For stable expression, the transfected cells were selected with hygromycin B at 250 µg\ml. Resistant cells were subcloned and assayed for gp40 expression by immunofluorescence and immunoprecipitation.
Western-blot analysis of canine tissues
Biopsy samples were prepared from a dog immediately after death and kept frozen at k80 mC. The samples were ground in liquid nitrogen using mortar and pestle. The dry powder (0n1 g) was homogenized in 2 ml of TBS supplemented with protease inhibitor cocktail using a T8 Ultra-Turrax (IKA Labortechnik, Staufen, Germany). Proteins were solubilized by adding 100 µl of 10 % Triton X-114 to 900 µl of homogenate. After 90 min at 4 mC, insoluble material was removed by centrifugation (14 000 g ; 10 min ; 4 mC). The supernatant was subjected to temperatureinduced phase separation [32, 33] , and gp40 was precipitated from the resulting detergent phase by immobilized WGA as previously described [17] . gp40 was detected by a standard Western-blot technique using anti-gp40 serum (1 : 200), biotinylated anti-rabbit immunoglobulin antibody (1 : 500) and streptavidin-horseradish peroxidase (1 : 1000). All incubations were carried out at 4 mC for 60 min each. A chemiluminescent substrate (ECL detection reagent) was used to detect horseradish peroxidase by short exposure to an autoradiography film.
RESULTS
Purification of gp40
In a previous study, we showed by a virus-overlay assay that gp40 is the major MDCK I cell-surface protein recognized by influenza C virus [17] . We also demonstrated that gp40 is a mucin-type sialoglycoprotein that is heavily O-glycosylated but with no evidence of N-glycans. In this study, we took advantage of this knowledge to purify the glycoprotein from an OG extract of MDCK I cell membranes by lectin affinity chromatography. The purification of gp40 was monitored using the virus-overlay assay ( Figure 1A ) and silver staining of polyacrylamide gels ( Figure 1B) . To separate gp40 from N-glycosylated proteins we used concanavalin A, a lectin that interacts with N-linked oligosaccharides of the high-mannose and hybrid type [34, 35] . In the next step, the flow-through was chromatographed on immobilized WGA, which has affinity for GlcNAc and sialic acid residues [36] . Lane f shows that apart from gp40 only a few other glycoproteins were bound by WGA and subsequently eluted with The polyacrylamide gel was silver stained as described by Merril et al. [22] . Because of its mucin-type character, gp40 is not stained by this procedure (compare with Figure 2 ).
Figure 2 Chromatography of gp40 on immobilized Jacalin
Proteins eluted from WGA-agarose (lane a) were either left untreated (lanes b and c) or were treated with sialidase (lanes d and e) before chromatography on Jacalin agarose (lanes b and d, flow-through ; lanes c and e, proteins bound by Jacalin). The fractions were analysed by SDS/PAGE and silver staining as described by Merril et al. [23] . This silver stain also reacts with highly O-glycosylated proteins like gp40 (position indicated). Molecular masses are indicated on the left in kDa.
100 mM GlcNAc. Most other proteins of the extract did not bind to the column resulting in considerable enrichment of gp40 by this purification step. For further purification of gp40, we used Jacalin, a lectin recognizing O-glycans of the sequence Galβ1-3GalNAc-Ser\Thr. Jacalin has been reported to tolerate this sequence with an additional sialic acid α2,3-linked to Gal [37] . However, when the fraction eluted from WGA was applied gp-40, a mucin-type apical surface protein from MDCK cells to Jacalin agarose, most gp40 was not bound by the lectin (Figure 2 , compare lane b with lane c). Only when gp40 was treated with sialidase and rechromatographed was it totally retained by Jacalin and could be eluted from the column with 400 mM galactopyranoside (Figure 2 , compare lane d with lane e). This indicates that Jacalin has a higher affinity for the desialylated carbohydrate structure. The glycoprotein fraction was concentrated and subjected to SDS\PAGE. gp40 was excised from the Coomassie-stained polyacrylamide gel and enzymically digested in the gel slice using the proteases Lys-C and Glu-C. Two major peptides were recovered, separated by reverse-phase HPLC and their amino acid sequences determined by gas-phase Edman degradation (Figure 3) . At 14 positions of the sequences we obtained gaps, probably because of post-translational modifications of the corresponding amino acids that rendered them insoluble in the organic transfer solvents used.
Molecular cloning and sequence analysis of gp40
A partial cDNA of gp40 was generated by RT-PCR using two degenerate oligonucleotide primers that were designed on the basis of the sequences PDDIIPGVED (residues 28-37) and VHAKEESQ (residues 97-105 ; Figure 3 ). The amplified 248 bp cDNA fragment encoded a stretch of 33 amino acids of peptide 1 and 27 amino acids of peptide 2 linked by 17 amino acids not determined by Edman degradation. The 248 bp cDNA was labelled with digoxigenin and used to screen a MDCK I cDNA library that we constructed in the UNI-ZAP XR vector. Hybridization of about 75 000 plaques under low stringency revealed 20 positive clones of which ten were further analysed. Four clones were still positive when rehybridized and all of them contained inserts of approx. 2500 bp. Determination of their nucleotide sequence revealed that, in one case, a full-length cDNA coding for gp40 was obtained. This cDNA contained an open reading frame encoding 169 amino acids (Figure 3) , including the two peptide sequences determined by Edman degradation (underlined). gp40 shows the typical structure of a type-I membrane protein. It contains a putative N-terminal signal sequence with a highly scoring predicted signal sequence cleavage site between position 16 and 17 [38] . A stretch of 23 hydrophobic amino acids near the C-terminus is likely to form a membrane-spanning segment which is followed by a short cytoplasmic tail of nine amino acids. A serine within this tail at position 164 is part of a potential protein kinase C phosphorylation site (SGR) as well as part of a potential cAMPdependent phosphorylation site (RKMS ). The cleaved form of gp40 has a calculated molecular mass of only 16 800 Da, indicating that carbohydrates and other post-translational modifications account for about 58 % of the molecular mass of the mature glycoprotein. Whereas potential N-glycosylation sites and cysteine residues are not found in the sequence, potential Oglycosylation sites are very abundant. In the extracellular domain, about 25 % of the amino acids represent either serine or threonine residues. At least 14 of the 31 potential O-glycosylation sites are believed to be actually used because the 14 gaps we observed during Edman degradation turned out to be either serine or threonine. Tandem repeats, a characteristic feature of many although not all mucin-type glycoproteins, are not found in gp40. However, the sequence PGVEDSVVT (residues 33-41) located near the N-terminus is tandemly repeated three times in a modified form. The threonine residue of this motif is most likely O-glycosylated in each repeat, since it appeared as a gap during Edman microsequencing.
A search in the EMBL data library revealed that gp40 is homologous to a protein found in mouse and rat. Furthermore we found homology (72 % identity, 82 % similarity) to a human cDNA sequence that is part of a human gene transcript catalogue. The alignment of the translated sequences of all four proteins is shown in Figure 4 . It is evident that the human sequence is incomplete. The N-terminal part of the protein including the start methionine is missing. In contrast, the alignment of gp40 with the mouse and rat proteins extended over the whole reading frame. While the rat and mouse sequences with 78 % identity (92 % similarity) are closely related to each other, the sequence identity between gp40 and either of the two proteins is only 54 % (70 % similarity). The highest degree of sequence conservation is found in the C-terminal part of the proteins especially in their transmembrane and cytoplasmic domains (83 % and 67 % identity respectively). In the extracellular domain, sequence conservation is restricted to short amino acid stretches which in many cases show an accumulation of serine and threonine residues (e.g. residues 96-97, 106-109, 114-117, 133-137).
gp38, the mouse homologue of gp40, was identified as a cellsurface marker of thymus epithelial type-I cells [40] and was also described as being expressed by stromal cells in T-cell-dependent areas of peripheral lymphoid tissues [41] . In mouse osteoblastic cells, the glycoprotein, designated OTS-8, was induced by phorbol ester treatment [42] . In the rat, the protein was reported to be a
Figure 4 Comparison of gp40 with its putative homologues from rat, mouse and man
The alignment was generated by the Clustal program in HUSAR [39] using the translated nucleotide sequences [EMBL/GenBank accession numbers : U32115 and U07797 (rat homologue), M73748 and M96645 (mouse homologue), and R16862 and R59547 (human homologue)]. The asterisks denote positions with identical amino acids, and the circles indicate positions occupied by similar amino acids.
marker (E11) for the transition from the osteoblast to the osteocyte [43] . It was also described as a differentiation antigen (T1α) on rat lung alveolar cells and was found to be developmentally expressed in embryonic brain [44, 45] .
Absence of gp40 expression in the type-II subline of MDCK cells
To confirm that the cloned cDNA encodes gp40, we produced a monospecific antibody against a synthetic peptide corresponding 
Figure 6 Immunoprecipitation of cell-surface gp40
The cell lines indicated on top were grown in Petri dishes (about 7i10 6 cells per dish) and surface labelled with biotin at 4 mC. gp40 was immunoprecipitated from the cell lysates using a monospecific anti-gp40 serum. The immunoprecipitates were run on SDS/PAGE and transferred to nitrocellulose. Biotin residues were detected using streptavidin-horseradish peroxidase. Molecular masses are indicated on the left in kDa.
Figure 7 RT-PCR analysis of gp40 expression in the two MDCK sublines
MDCK I (lanes 4-6) and MDCK II cells (lanes 1-3) were left untreated (lanes 1,3,4,6) or were treated overnight with 0n1 µg/ml PMA (lanes 2 and 5). Total RNA was prepared, reversetranscribed, and used for PCR amplification of a 248 bp cDNA fragment of gp40 (lanes 2,3,5,6) and a 450 bp cDNA fragment of VIP36 as positive control (lanes 1 and 4) as described in the Materials and methods section.
to a region near the N-terminus of gp40. This region contains no serine and threonine residues and hence would be less likely to be masked by carbohydrate chains. The serum we obtained was affinity-purified on immobilized gp40 and used for immunofluorescence studies. Figure 5(A) shows that the antigen was recognized on the plasma membrane of MDCK I cells. Staining of the cells was specific as neither the preimmune serum ( Figure  5B ) nor the antibody preincubated with the peptide used for immunication ( Figure 5C ) showed any reaction with the cell surface. In contrast with MDCK I cells, the type-II subline of MDCK cells was negative for the antigen and the plasma membrane ( Figure 5D ) as well as intracellular compartments (not shown). Immunoprecipitation analysis revealed that the antibody recognizes a cell-surface-labelled protein of 40 kDa in MDCK I cells but not in MDCK II or other cell lines tested ( Figure 6 ). In addition, the immunoprecipitated glycoprotein was recognized by influenza C virus using the virus-overlay assay (not shown). These results established that the isolated cDNA encodes the protein core of gp40. Our observation that the antibody did not recognize gp40 in MDCK II cells suggested that the glycoprotein may not be expressed in this subline. As shown in Figure 7 , gp40 mRNA could not be detected in MDCK gp-40, a mucin-type apical surface protein from MDCK cells (II 40 ) were surface-labelled with biotin and subjected to immunoprecipitation as described in Figure 6 .
II cells by RT-PCR, confirming our assumption. The gp40 homologue in mouse, OTS-8, has been reported to be inducible in osteoblastic cells by treatment with phorbol esters [42] . In MDCK-II cells, however, we could not find any effect of this agent on gp40 expression (Figure 7) . In contrast, phorbol ester treatment stimulated gp40 expression in MDCK I cells, which was analysed by Northern blot (not shown).
Apical localization of gp40 stably expressed in MDCK II cells
As MDCK II cells do not express endogenous gp40, this wellestablished polarized cell line should provide an excellent cell system to study the polarized transport of gp40 by recombinant expression. Therefore we established a MDCK II line that stably expressed gp40. These cells retained the polarized phenotype of the parental cells as indicated by measurement of their transepithelial electrical resistance. There was apparently no difference in molecular mass between endogenous gp40 of MDCK I cells and gp40 expressed in MDCK II cells (Figure 8 ), indicating that the glycoprotein was correctly processed in MDCK II cells. Cell-surface biotinylation indicated that gp40 is transported to the MDCK II cell surface. To determine the cellsurface distribution of gp40 between the apical and basolateral plasma membrane, filter-grown cells were selectively biotinylated at either domain. Aliquots of cell lysate were separated by SDS\PAGE, transferred to nitrocellulose, and the labelled apical and basolateral proteins were detected using streptavidinperoxidase ( Figure 9A ). An immunoprecipitation step had been omitted from this procedure since in our experience this technique provides only semiquantitative data. However, because of its strong expression, gp40 could easily be detected among the labelled proteins. Using this approach, gp40 showed a predominantly apical (80 %) localization. For comparison, membrane cofactor protein (CD46) was analysed as a basolateral marker protein [46] and the haemagglutinin of influenza A virus as an apical marker protein. Under the same experimental setting, 95 % of CD46 was detected on the basolateral surface and 90 % of the haemagglutinin on the apical surface of MDCK cells (not shown). In another approach, the cell-surface distribution of gp40 was analysed by indirect immunofluorescence using a confocal laser-scanning microscope. Filter-grown MDCK II cells stably expressing gp40 were fixed without permeabilization of the plasma membrane and were incubated from both the apical and basolateral side with affinity-purified anti-gp40 and an FITC-conjugated secondary antibody. In Figure 9 (B), horizontal sections (parallel to the filter) are shown that represent (from top) the apical, central and basal portions of the cells. The brightest fluorescence was observed in the apical section. The section through the centre sometimes showed a weak honeycomblike pattern, indicating that gp40 is present on the lateral plasma membrane to some extent. Almost no fluorescence was detected 
Figure 9 Polarized cell-surface distribution of gp40
A MDCK II cell clone stably expressing gp40 was grown on porous filters. (A) The cells were labelled either at the apical (ap) or the basolateral plasma membrane (ba) with biotin. Aliquots of cell lysate were run on SDS/PAGE, transferred to nitrocellulose and biotinylated proteins were detected using streptavidin-horseradish peroxidase. The position of gp40 is indicated. (B) The cells were fixed and both the apical and basolateral surface were incubated with affinity-purified anti-gp40 serum without permeabilization. FITC-conjugated anti-rabbit immunoglobulin serum was used for detection of the first antibody. The samples were viewed with a laser scanning microscope. Confocal micrographs of horizontal focal planes through the apical surface, the centre and the basal surface are shown.
in the basal section. Taken together, our findings show that gp40 is a predominantly apical membrane protein not only in MDCK I cells [17] but also in a heterologous cell system.
Figure 10 Tissue distribution of gp40
Biopsy samples from different canine organs (indicated on top) were extracted with Triton X-114. The extract was subjected to temperature-induced phase separation, and the detergent phase was used for precipitation with immobilized WGA. The precipitates were analysed for gp40 by Western blot using a monospecific anti-gp40 serum.
Detection of gp40 in different canine tissues
As the pattern of cell-surface proteins of a continuous cell line may differ from that of the parental cells, we asked whether gp40 can be detected not only in MDCK I cells but also in canine kidney biopsy specimens. To prove this, biopsy samples of various canine organs were extracted with Triton X-114, and membrane proteins were enriched in the detergent phase after temperature-induced phase separation. After precipitation with immobilized WGA, gp40 was immunologically detected using the Western-blot technique ( Figure 10 ). In this way, we found that gp40 has a relatively broad tissue distribution, with a high level of expression in lung and brain. Somewhat lower levels were observed in kidney, intestine and heart whereas no expression was detected in liver and spleen.
DISCUSSION
The designation ' mucin ' is generally used to refer to very large secreted O-glycosylated proteins with a carbohydrate content of typically more than 50 % [47] . Cell-surface proteins have been described that are glycosylated in a similar way but which are membrane-associated and which are much smaller than the secreted mucins. Well-known examples of these cell-surface mucin-like glycoproteins are glycophorin A and leukosialin (sialophorin, CD43), the most dominant sialoglycoproteins of erythrocytes and leucocytes respectively. We have recently described a 40 kDa cell-surface glycoprotein of MDCK I cells, gp40, that also has characteristics of a mucin-type glycoprotein [17] . The primary structure of gp40, which has been determined in the present study by Edman degradation and molecular cloning, established its mucin-like character. Typical features are the high content of serine and threonine residues in the extracellular domain of gp40 and the clustered arrangement of several of these potential O-glycosylation sites. Edman degradation of two peptides from the extracellular domain suggested that at least 14 threonine\serine residues are O-glycosylated. There are six additional potential O-glycosylation sites located in a section of the extracellular domain that had not been subjected to Edman degradation. It is not possible to predict exactly from the primary sequence whether these sites are actually used for O-glycosylation since consensus sequences specifying Oglycosylation have not been established [48] . In accordance with the resistance of gp40 to N-glycosidase F [17] , its primary sequence does not contain any potential N-glycosylation site, indicating that the difference of 58 % in molecular mass between the mature glycoprotein and its protein backbone can be attributed mostly if not exclusively to O-linked glycans. For comparison, glycophorin A contains one N-linked and 16 Olinked oligosaccharides contributing to 60 % of its molecular mass [49] . Other similarities between gp40 and glycophorin A are their small size and the lack of tandem repeats, a feature found in many mucin-like glycoproteins. Like glycophorin A [50] , leukosialin [51] and MUC1 [52] , the primary structure of gp40 reveals a typical type-I membrane protein [53] . This confirms our previous observation that gp40 is enriched in the detergent phase after temperature-induced Triton X-114 phase separation [17] . Although gp40 has several structural characteristics in common with glycophorin A and other cell-surface mucin-like glycoproteins, it did not show any significant homology with these molecules. gp40 was rather found to be the canine homologue of the murine and rat cell-surface antigen designated OTS-8, E11, gp38 or T1α [40] [41] [42] [43] [44] [45] . In accordance with our results in the canine system, the homologues were found to be strongly expressed in type-I lung epithelial cells, but were also detected in a variety of other epithelial and non-epithelial cells. The murine homologue has also been found in glomeruli and tubules of kidney [40] , providing further evidence that MDCK I cells originate from tubulus epithelial cells. Despite its broad tissue distribution, gp40 is differentially expressed by even closely related cell types. This is evident not only from the two sublines of MDCK cells, but was also noted for rat lung epithelial cells of type I and II [45] . Nose et al. [42] reported that treatment of osteoblastic cells with phorbol esters resulted in an induction of the gp40 homologue OTS-8. However, phorbol ester did not induce gp40 expression in MDCK II cells and likewise it had no effect on T1α expression in freshly isolated type-II lung epithelial cells [45] . In MDCK I cells, however, phorbol ester treatment stimulated gp40 expression. We also observed that gp40 transcription is significantly elevated in MDCK I cells cultured on plastic dishes compared with MDCK I cells grown on porous polycarbonate filters (G. Zimmer and G. Herrler unpublished work). Interestingly, Rishi et al. [45] found that T1α is rapidly induced, when type-II lung epithelial cells are cultured under conditions where they flatten and lose expression of many of their known cell markers. These findings indicate that regulation of gp40 or its homologues may vary in a cell-specific manner.
The amino acid homology between gp40 and its homologues is not uniformly distributed over the whole molecule. In the ectodomain, the overall homology is rather low (24 % identity, 38 % similarity between the homologues of dog, mouse and rat). Sequence conservation in this domain is restricted only to short amino acid stretches, most of which contain several potential Oglycosylation sites. Of the 14 O-glycosylation sites that we have identified by Edman degradation, eight were found to be conserved between the three species, suggesting that not all Oglycosylation sites are of equal importance for the glycoprotein. The single potential N-glycosylation site in the mouse homologue is not conserved in the rat and dog homologues. In striking contrast with the ectodomains, the transmembrane domains of all four homologues reveal a very high degree of sequence conservation (78 % identity, 91 % similarity). In contrast, the transmembrane regions of many other proteins, for example glycophorin A and glycophorin C [49, 54] , do not show a similar sequence conservation. This suggests that the transmembrane domain of gp40 may have an important function in addition to anchoring the molecule in the plasma membrane. Functional importance is also expected from the short cytoplasmic domain, as this domain also shows a high degree of sequence conservation (67 % identity, 100 % similarity). Interestingly, potential Oglycosylation sites, transmembrane and cytoplasmic domains have also been found to be conserved between the human and murine homologues of MUC1 [55] . gp-40, a mucin-type apical surface protein from MDCK cells
In a previous study, we found gp40 to be predominantly located on the apical plasma membrane of filter-grown MDCK I cells [17] . In transfected MDCK II cells stably expressing gp40, we observed a similar polarized distribution. Immunocytochemical analysis of rat lung tissue sections showed that the rat homologue T1α is also expressed on the apical surface of alveolar type-I cells [44] . In MDCK cells, which have been intensively studied with regard to polarized protein transport, sorting of apical and basolateral proteins occurs in the trans-Golgi network, where they are segregated into distinct transport vesicles for direct delivery to the respective plasma membrane [3, 56, 57] . The signals responsible for basolateral sorting have been shown to reside in the cytoplasmic domains and often contain a critical tyrosine residue. In many cases the signals overlap with those for clathrin-coated pit localization [3] . Little information on apical sorting signals is available. Although proteins linked to the membrane via a GPI anchor are delivered to the apical plasma membrane, it is not established that GPI anchors themselves serve as apical signals. Recent studies showed that GPIs that are not linked to protein are distributed in a non-polarized fashion in MDCK cells [58] . Furthermore tail-minus forms of many basolateral transmembrane proteins are also transported to the apical surface [3] . These observations suggest that the unknown apical sorting signals reside in the ectodomains of these proteins and that they may be dominated by stronger basolateral signals in the cytoplasmic domains. Studies on the polarized transport of the mucin-like glycoprotein MUC1 using chimaeric proteins also suggest that the ectodomain of this glycoprotein contains the information for apical targeting [59] . Many secreted glycoproteins are released from MDCK cells into the apical medium [16] . Recent data suggest that the core of N-glycans is a potential determinant for apical transport of secreted proteins [20, 21] . Interestingly, a protein with a putative lectin-like domain (VIP36) has been isolated from apical transport vesicles of MDCK cells [26] . Although its carbohydrate-binding activity has not yet been elucidated, it has been proposed that this protein is involved in the apical targeting of glycoproteins [60] . It is obvious from our data that N-glycans are not involved in the apical transport of gp40. If the apical targeting signal is located in the glycans, Oglycans have to contain this information. However, O-glycans are structurally very different from N-glycans. For example, they do not contain the typical core unit of N-glycans made up of two GlcNAc and three mannose residues. Therefore, if O-glycans represent apical sorting signals, more than one lectin-like molecule is expected to be involved in the sorting process.
The physiological role of gp40 and its homologues is not yet known. Mucins in general have a filamentous brush-like conformation resulting from their extensive O-glycosylation allowing them to extend high above the cell surface [61] . This highly negatively charged structure is relatively resistant to proteases and acts as a physical barrier protecting epithelial cells from environmental agents. On the other hand, mucin-type glycoproteins have been shown to be involved in cell-cell interactions. For example, they represent high-affinity ligands for the selectins, lectin-like proteins on leucocytes and epithelial cells that participate in leucocyte trafficking, thrombosis and inflammation [62] . A general characteristic of many cancer cells is an increased production of O-glycosylated proteins which have been implicated in their protection from the immune system [63] . Moreover, mucin-type glycoproteins have been proposed to influence the metastatic potential of tumour cells by either acting as anti-adhesion molecules [64] or mediating adhesion to endothelial cells via interaction with selectins [39, 65] . Thus gp40 may have a protective function in some cell types and may be involved in cellular interactions in others. Although the physiological function of gp40 has not yet been established, we have shown that it can serve as a receptor for influenza C virus on MDCK I cells [17] . The efficient binding of influenza C virus to gp40 is explained in part by the presence of 9-O-acetylated sialic acids, the receptor determinant for this virus. Another important point is the mucin-type character of gp40. The high number of Oglycans provides favourable conditions for a multivalent interaction and thus for strong binding of the virion to the cell surface. It has been known for a long time that the agglutination of erythrocytes by influenza viruses is due to the presence of another mucin-like molecule, glycophorin A. However, glycophorin A does not represent a physiological receptor, as influenza viruses do not infect erythrocytes but do infect the epithelia of the respiratory tract. Our observation that gp40 is also strongly expressed in lung tissue provides further evidence for its importance as an influenza virus receptor.
